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(57) ABSTRACT

A one or more downlink resource elements of a downlink
resource block in an orthogonal frequency division multi-
plexing (OFDM) communication system can be shared by
two wireless communication devices (WCDs) by assigning
cach WCD a different one of two orthogonal modulation
axes. To transmit data to two WCDs using the same down-
link resource block, a base station may receive a data stream
including respective data for each of the WCDs, then
modulate the data for one WCD on in-phase modulation axis
and modulate that data for the other WCD on the quadrature
axis. The two modulation modes can be simultaneously
transmitted on a common sub-carrier of an OFDM downlink
to both WCDs. Each WCD can demodulate the data on a
pre-assigned demodulation axis to recover its intended data.
This sharing technique can be applied to some or all of the
downlink resource elements of a commonly allocated down-
link resource block.

20 Claims, 14 Drawing Sheets
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SHARED ALLOCATION OF A DOWNLINK
RESOURCE BLOCK

BACKGROUND

Unless otherwise indicated herein, the materials described
in this section are not prior art to the claims and are not
admuitted to be prior art by inclusion 1n this section.

In a wireless communication system, a base station may
transmit downlink data to one or more wireless communi-
cation devices (WCDs) that are operating mn a wireless
coverage area provided by the base station. The wireless
coverage area could be, for example, a cell or a sector. The
base station may also receive uplink data from one or more
WCDs operating in the wireless coverage area.

Some of the downlink data transmitted by the base station
may be transmitted 1n a downlink channel that can be shared
among multiple WCDs. For example, the Long Term Evo-
lution (LTE) of the Umversal Mobile Telecommunications
System (UMTS) defines a Physical Downlink Shared Chan-
nel (PDSCH) as the primary downlink channel for trans-
mitting user data to WCDs. In addition, LTE defines down-
link control channels that carry various types of control
signaling. The downlink control channels include a Physical
Control Format Indicator Channel (PCFICH), a Physical
Downlink Control Channel (PDCCH), and a Physical
Hybrid ARQ Indicator Channel (PHICH).

In the LTE approach, downlink resources are mapped in
the time domain and 1n the frequency domain. In the time
domain, L'TE defines 10 millisecond (ms) frames, 1 ms
sub-frames and 0.5 ms slots. Thus, each frame has 10
sub-frames, and each sub-frame has 2 slots. Fach slot is
turther sub-divided into a fixed number of symbol transmis-
sion times. The fixed number 1s typically either 7 (although
some 1mplementations can use 6). In the frequency domain,
resources are divided into groups of 12 sub-carriers. Each
sub-carrier 1s 15 kHz wide, so each group of 12 sub-carriers
occupies a 180 kHz bandwidth. During each symbol trans-
mission time, the sub-carriers are modulated together, using,
orthogonal frequency division multiplexing (OFDM), to
form one OFDM symbol.

LTE further defines a particular grouping of time-domain
and frequency-domain resources as a downlink resource
block. In the time domain, each downlink resource block has
a duration corresponding to one slot (0.5 ms). In the fre-
quency domain, each downlink resource block consists of a
group ol 12 sub-carriers that are used together to form
OFDM symbols. Typically, the 0.5 ms duration of a down-
link resource block accommodates 7 OFDM symbols.
Depending on the bandwidth of the system, multiple down-
link resource blocks can be transmitted in each 0.5 ms slot.
For example, a system with a 5 MHz bandwidth may be able
to transmit 25 downlink resource blocks 1n each 0.5 ms slot.

The smallest umit of downlink resources 1s the resource
clement. Fach resource element corresponds to one sub-
carrier and one OFDM symbol. Thus, a resource block that
consists of 12 sub-carriers and 7 OFDM symbols has 84
resource elements. Within a resource block, diflerent
resource elements can have different functions. In particular,
a certain number of the resource elements (e.g., 8 resource
clements) may be reserved for reference signals used for
channel estimation. In addition, a certain number of the
resource elements (e.g., the resource elements 1n the first one
to four OFDM symbols) may be reserved for control signals
in the PCFICH, PDCCH, and PHICH channels. The remain-
ing resource elements 1n a downlink resource block can be
used for user data in the PDSCH channel.
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The PDSCH channel can be shared among WCDs by
allocating one or more downlink resource blocks to each

WCD. Conventionally, the user data (PDSCH channel) 1n a
downlink resource block that 1s allocated to a particular
WCD 1s for only that particular WCD. Thus, while the

PDSCH channel can be shared by multiple WCDs, the user
data 1n a downlink resource block might be for only one

WCD.

OVERVIEW

Under conventional operation 1n a system such as the one
described above, the smallest air-interface unit that a base
station can assign for transmission of data to a given WCD
1s a PDSCH segment corresponding to one 12-subcarrier-
wide resource block. Each of the 84 resource elements of an
allocated resource block can therefore be considered as
being allocated to the given WCD as well. The number of
bits of data that can be carried in each resource element
depends on the modulation scheme used. For example, 1f
Quadrature Phase Shift Keying (QPSK) 1s used, then each
sub-carrier symbol represents two bits of data. If Quadrature
Amplitude Modulation (QAM) 1s used for the sub-carrier
symbols, then each sub-carrier symbol represents a greater
number of bits: four bits per symbol for 16-QAM and six
bits per symbol for 64-QAM. For a fixed OFDM symbol
rate, the bit rate of data transmission can therefore vary
depending on (among other possible factors) the modulation
scheme used.

Under LTE, the modulation scheme used during any given
symbol transmission time, and therefore the data rate, can be
different for the different sub-carriers—and correspondingly
for diflerent resource elements transmitted—during the
given symbol transmission time. Typically, the modulation
scheme will be the same for all sub-carriers assigned to a
given user during a symbol transmission time. Selection of
the modulation scheme used for a given sub-carrier during
a given symbol transmission time can depend on radio
frequency (RF) operation conditions (e.g., signal-to-noise)
during the given symbol transmission time. Similarly, the
modulation scheme can be adapted according to RF condi-
tions at different symbol transmissions times, so that a
different modulation scheme can be used for the same
sub-carrier at different times.

The conventional approach of allocating a downlink
resource block to only a single WCD can in some instances
lead to inefliciencies. For example, 1f a downlink resource
block that 1s able to provide data at a relatively high data
rate, such as 1 Mbits/second 1s allocated to a user for data
that has a much lower data rate (e.g., voice data), then the
user may have 1n effect been allocated more bandwidth than
necessary. It would therefore be desirable to provide more
cllicient use of downlink resources. Accordingly, methods
and systems disclosed herein enable a downlink resource
block to be allocated on a shared basis to more than one
WCD. Further, when a downlink resource block 1s shared
among two WCDs, each WCD’s data may be modulated
along a different one of two orthogonal modulation axes.

Hence, 1n one respect, various embodiments of the present
invention provide a method comprising: allocating a par-
ticular downlink orthogonal frequency division multiplexing
(OFDM) resource element to both a first wireless commu-
nication device (WCD) operating in a wireless communica-
tion system and a second WCD operating 1n the wireless
communication system, wherein the particular downlink
OFDM resource element 1s one of a plurality of OFDM
resource elements configured for transmission by the wire-
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less communication system on respective, orthogonal sub-
carriers during a common symbol transmission time; deter-
mimng a first N-bit binary number to be transmitted to the
first WCD and a second N-bit binary number to be trans-
mitted to the second WCD; modulating the first N-bit binary
number to a first real data-symbol value on a real-number
axis ol a complex modulation plane, and modulating the
second N-bit binary number to a first imaginary data-symbol
value on an 1maginary-number axis of the complex modu-
lation plane; generating a first complex data symbol as a
complex sum of the first real data-symbol value and the first
imaginary data-symbol value; and by a transmitter of the
wireless communication system, transmitting the first com-
plex data symbol 1n the particular downlink OFDM resource
clement simultaneously to both the first and second WCDs
in a simultaneous transmission on all the orthogonal sub-
carriers of the plurality of OFDM resource eclements,
wherein the first WCD 1s configured to recover the first N-bit
binary number by demodulating the first complex data
symbol along a real-number axis of a complex demodulation
plane, and the second WCD 1s configured to recover the
second N-bit binary number by demodulating the first com-
plex data symbol along an imaginary-number axis of the
complex demodulation plane.

In another respect, various embodiments of the present
invention provide a method comprising: a wireless commu-
nication device (WCD) receiving an indication of a down-
link resource block being allocated to the WCD, wherein the
downlink resource block comprises multiple downlink
OFDM resource elements arrayed for a respective simulta-
neous transmission across a configuous sequence of
orthogonal sub-carriers at each respective one of a contigu-
ous sequence of symbol transmission times; the WCD
receiving a mode indication 1dentifying at least one down-
link OFDM resource element of the multiple downlink
OFDM resource clements as containing a complex data
symbol, of which only a specified one of (1) a real-number
component or (1) an 1maginary-number component 1s
intended for the WCD; the WCD recerving the at least one
downlink OFDM resource element 1n a wireless transmis-
s10n; the WCD recovering the real-number component of the
complex data symbol contained 1n the at least one downlink
OFDM resource element 1f the mode indication specifies
that the real-number component 1s intended for the WCD;
and the WCD recovering the imaginary-number component
of the complex data symbol contained 1n the at least one
downlink OFDM resource element 1f the mode indication
specifies that the imaginary-number component 1s intended
for the WCD.

Further, 1 still another respect, various embodiments of
the present invention provide a base station comprising: a
transmitter for transmitting downlink data to wireless com-
munication devices (WCDs) operating 1n a wireless cover-
age area ol the base station; one or more processors; memory
accessible to the one or more processors; and machine-
readable 1nstructions stored 1n the memory, that upon execu-
tion by the one or more processors cause the base station to
carry out operations including: allocating a particular down-
link orthogonal frequency division multiplexing (OFDM)
resource element to both a first WCD operating in the
wireless coverage area and a second WCD operating in the
wireless coverage area, wherein the particular downlink
OFDM resource element 1s one ol a plurality of OFDM
resource elements configured for transmission by the base
station on respective, orthogonal sub-carriers during a com-
mon symbol transmission time, determining a first N-bit
binary number to be transmitted to the first WCD and a

10

15

20

25

30

35

40

45

50

55

60

65

4

second N-bit binary number to be transmitted to the second
WCD, modulating the first N-bit binary number to a first real

data-symbol value on a real-number axis of a complex
modulation plane, and modulating the second N-bit binary
number to a first imaginary data-symbol value on an imagi-
nary-number axis of the complex modulation plane, gener-
ating a first complex data symbol as a complex sum of the
first real data-symbol value and the first imaginary data-
symbol value, and causing the transmitter to transmit the
first complex data symbol 1n the particular downlink OFDM
resource element simultaneously to both the first and second
WCDs 1n a simultaneous transmission on all the orthogonal
sub-carriers of the plurality of OFDM resource elements,
wherein the first WCD 1s configured to recover the first N-bit
binary number by demodulating the first complex data
symbol along a real-number axis of a complex demodulation
plane, and the second WCD 1s configured to recover the
second N-bit binary number by demodulating the first com-
plex data symbol along an imaginary-number axis of the
complex demodulation plane.

These as well as other aspects, advantages, and alterna-
tives will become apparent to those of ordinary skill in the
art by reading the following detailed description, with ret-
erence where appropriate to the accompanying drawings.
Further, 1t should be understood that the descriptions pro-
vided 1n this overview and below are intended to illustrate
the mvention by way of example only and not by way of
limitation.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a stmplified block diagram of a communication
system, 1n accordance with an example embodiment.

FIG. 2A 1s a conceptual illustration of a division of a
shared downlink channel into downlink resource blocks, 1n
accordance with an example embodiment.

FIG. 2B 1s a conceptual illustration of a downlink
resource block, 1n accordance with an example embodiment.

FIG. 3 1s a functional block diagram of a base station, 1n
accordance with an example embodiment.

FIG. 4 1s a functional block diagram of a WCD, 1n
accordance with an example embodiment.

FIG. 5 1s a functional block diagram of an OFDM
transmitter, 1n accordance with an example embodiment.

FIG. 6 1s a conceptual 1llustration of data symbol repre-
sentation 1n QPSK and 16-QAM, in accordance with an
example embodiment.

FIG. 7 1s a functional block diagram of an OFDM
transmitter showing certain aspects relating to orthogonal
modulation, 1n accordance with an example embodiment.

FIG. 8 1s a functional block diagram of an OFDM receiver
showing certain aspects relating to orthogonal modulation,
in accordance with an example embodiment.

FIG. 9 1s a conceptual illustration of an OFDM transmis-
sion and reception, 1n accordance with an example embodi-
ment.

FIG. 10 1s a conceptual illustration of an OFDM trans-
mission and reception showing certain aspects of shared
allocation of resource blocks, 1n accordance with an example
embodiment.

FIG. 11 1s a conceptual illustration of an OFDM {trans-
mission and reception showing certain further aspects of
shared allocation of resource blocks, 1n accordance with an
example embodiment.

FIG. 12 1s a flowchart of a method that may be performed
by a base station, 1n accordance with an example embodi-
ment.
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FIG. 13 1s a flowchart of a method that may be performed
by a WCD, 1n accordance with an example embodiment.

DETAILED DESCRIPTION

The present method and system will be described herein
in the context of LTE. However, 1t will be understood that
principles of the disclosure can extend to apply in other
scenarios as well, such as with respect to other air interface
protocols. Further, even within the context of LTE, numer-
ous variations from the details disclosed herein may be
possible. For instance, elements, arrangements, and func-
tions may be added, removed, combined, distributed, or
otherwise modified. In addition, 1t will be understood that
tfunctions described here as being performed by one or more
entities may be implemented in various ways, such as by a
processor executing software instructions for instance.

1. EXAMPLE COMMUNICAITION SYSTEM

FI1G. 1 1s a block diagram of a commumnication system 100
in which example embodiments may be employed. Com-
munication system 100 includes a wireless network 112 that
includes one or more entities that can communicate over an
air interface, as exemplified by base station (BS) 114.
Wireless network 112 could also include one or more control
entities, such as a base station controller (BSC) or radio
network controller (RNC). Wireless network 112 could be,
for example, a radio access network (RAN). BS 114 could
be, for example, a base transceiver station, a wireless access
point, an access node, a Node-B, or an eNodeB. Although
FIG. 1 shows only one base station 1n wireless network 112,
it 1s to be understood that wireless network 112 could
include any number of base stations.

BS 114 radiates to define one or more wireless coverage
areas within which BS 114 can wirelessly communicate with
WCDs. The wireless coverage area defined by BS 114 could
be a cell that generally surrounds BS 114. Alternatively, BS
114 may define multiple wireless coverage areas, such as
sectors. Each sector may be defined by multiple antennas 1n
BS 114 so as to generally correspond to a range of azimuthal
angles (e.g., 120°) about BS 114.

For purposes of illustration, BS 114 1s shown as being in
wireless communication with WCDs 116, 118, 120, and 122
via respective air interfaces 124, 126, 128, and 130. By way
of example, WCDs 116-122 could be wireless telephones,
wireless handheld or laptop computers, or other types of

wireless communication devices. Although FIG. 1 shows BS
114 1n wireless communication with four WCDs, 1t 1s to be
understood that BS 114 could be 1n wireless communication
with a greater or fewer number of WCDs. In addition, the
number of WCDs 1n wireless commumication with BS 114
can change over time, for example, as a result of one or more
WCDs moving into or out of the wireless coverage area of
BS 114 and/or as a result of one or more WCDs beginning
or ending communication sessions.

Each of air interfaces 124-130 could include a respective
uplink, with which a WCD can transmit data to BS 114, and
a respective downlink, with which BS 114 can transmit data
to a WCD. The communications over air interfaces 124-130
could conform to any wireless protocol now known or later
developed. For purposes of illustration, the communications
over air interfaces 124-130 will be described heremn with
respect to the LTE protocol.

Wireless network 112 may provide connectivity with one
or more transport networks 132, which could include, for
example, the public switched telephone network (PSTN)
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and/or the Internet or other packet-switched networks. With
this arrangement, a WCD being served by BS 114 may
engage 1 a communication session, via wireless network
112, with an endpoint connected to one of transport net-
works 132. The endpoint could be, for example, another
WCD, a landline telephone, an email server, Web server,
media server, or gaming server. The communication session
could mvolve voice, text, images, video, data, or other media
that 1s transferred from the WCD to the endpoint and/or from
the endpoint to the WCD.

Thus, when a WCD, such as WCD 116, 118, 120, or 122,
1s mmvolved 1n a commumnication session, the WCD may
transmit data over an uplink channel to BS 114 and may
receive data from BS 114 over a downlink channel. In some
cases, the communication session could be one that involves
a user of the WCD, such as a voice communication appli-
cation or Web browsing application. In other cases, the
communication session could mvolve a background task,
such as periodically registering with wireless network 112.

In some implementations, BS 114 may transmit data to
WCDs 116-122 over a shared downlink channel. The usage
of the shared downlink channel may be controlled by BS 114
or by some other entity in wireless network 112. For
example, the LTE protocol defines a Physical Downlink
Shared Channel (PDSCH) that a base station can use to
transmit data to multiple WCDs that are operating in its
wireless coverage area. Portions of the PDSCH may be
allocated to particular WCDs 1n the form of downlink
resource blocks.

FIG. 2 A 1llustrates how the downlink resources 1n a given
wireless coverage areca may be divided in time and {fre-
quency domains into resource blocks. In the time domain,
cach resource block occupies a 0.5 ms slot of a 1 ms
sub-frame. Every group of 10 consecutive sub-frames makes
up one transmission frame.

By way of example, FIG. 2A shows resource blocks
200-210 for a particular slot. In the frequency domain, each
of resource blocks 200-210 occupies a respective portion of
frequency bandwidth, typically 180 kHz 1n LTE implemen-
tations. Although FIG. 2A shows six resource blocks i each
sub-frame, a wireless coverage area could have a greater
number of resource blocks, as indicated by the vertical
cllipses above and below resource blocks 1n the figure.

FIG. 2A also includes a more detailed view of downlink
resource block 208. This detailed view shows that the 180
kHz of frequency bandwidth corresponds to 12 sub-carriers
of 15 kHz each, and also shows that the 0.5 ms slot
corresponds to the duration of 7 OFDM symbols (the
number of OFDM symbols in a downlink resource block can
vary). The detailed view also depicts the slot 208 as half of
one sub-frame.

Each OFDM symbol 1n a given resource block spans the
12 sub-carriers and includes a respective sub-carrier symbol
on each sub-carrier. Thus, a downlink resource block may be
described as a set of resource elements, with each resource
clement corresponding to a sub-carrier symbol that 1s carried
on a particular sub-carrier for the duration of one OFDM
symbol, also referred to herein as a symbol transmission
time. The detailed view of downlink resource block 208 in
FIG. 2A shows the division of the resource block mto
multiple resource elements, such as resource element 208a.

Each sub-carrier symbol or resource element represents a
data block of a certain number of bits, depending on the type
of modulation that 1s used. For example, 11 Quadrature Phase
Shift Keying (QPSK) 1s used for the sub-carrier symbols,
then each sub-carrier symbol represents two bits of data. IT
Quadrature Amplitude Modulation (QAM) 1s used for the
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sub-carrier symbols, then each sub-carrier symbol represents
a greater number of bits: four bits per symbol for 16QAM
and six bits per symbol for 64QAM.

Diflerent resource elements 1n a downlink resource block
may be used for different purposes. FIG. 2B illustrates
different functions among the 168 resource elements 1n two
example downlink resource blocks of an example sub-frame
for a one-antenna port system. In this example, 8 of the
resource elements are labeled “R” to indicate that they are
reserved for reference signals used for channel estimation. In
addition, 22 of the resource elements 1n the first two OFDM
symbols are labeled “C” to indicate that they are used to
transmit control signaling (PCFICH, PDCCH, and PHICH
channels). The other 138 resource elements that are unla-
beled can be used to transmit user data (PDSCH channel). It
1s to be understood that FIG. 2B 1llustrates only one possible
configuration. In other configurations, a downlink resource
block could have a greater or fewer number of resource
clements available to transmit user data.

FIG. 3 1s a functional block diagram of an example base
station 300. Base station 300 could, for example, be part of
a communication system as shown in FIG. 1. Thus, base
station 300 could correspond to base station 114. For pur-
poses of illustration, base station 300 will be described as
using OFDM and downlink resource blocks as shown in
FIGS. 2A and 2B and described above. It 1s to be understood,
however, that other types of air interfaces could be used.

As shown 1n FIG. 3, base station 300 includes an OFDM
transmitter 302 for transmitting downlink data to WCDs
operating in a wireless coverage of base station 300. The
transmissions could occur through one or more antennas
(either directional or ommni-directional), as exemplified by
antenna 304. As described 1n more detail below, OFDM
transmitter 302 1s configured to receive a data stream,
generate OFDM symbols from the data stream, and transmut
the OFDM symbols 1n one or more resource blocks. In
addition to OFDM transmitter 302, base station may include
an OFDM receiver (not shown) for receiving uplink data
transmitted by WCDs operating in its wireless coverage
area. The base station 300 can also include a bit-stream
blender 314 for blending data from two (or possible more)
WCDs 1n 1nstances 1n which one or more downlink resource
blocks are allocated to two WCDs at the same time.

Base station 300 includes a network interface 306 for
receiving data over a backhaul connection 308 that connects
base station 300 to one or more entities in a wireless
network. The backhaul connection 308 can include wireless
and/or wireline communication links. The data that base
station 300 receives via backhaul connection 308 and net-
work interface 306 can include data for one or more WCDs
operating 1n its wireless coverage area. Base station 300 may
accumulate such data, for example, in a bufler 310, for
subsequent transmission to WCDs.

A controller 312 in base station 300 may control the
transmission of data 1 buffer 310 to WCDs using OFDM
transmitter 302. For example, controller 312 may allocate
downlink resource blocks to WCDs and schedule the trans-
mission ol data by OFDM transmitter 302 based on the
allocated resource blocks. Controller 312 could be imple-
mented using hardware, software, and/or firmware. For
example controller 312 could include one or more proces-
sors and a non-transitory computer readable medium (e.g.,
volatile and/or non-volatile memory) that stores executable
instructions. The executable instructions, when executed by
the one or more processors, may cause controller 312
(and/or the base station 300) to perform any of the base
station functions described herein.
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When allocating a downlink resource block, the controller
312 may determine if the downlink resource block can be
shared by two different WCDs at the same time. For
example, the determination may take account of the trans-
mission bit rate that can be supported on the respective
downlink to each of two particular WCDs, as well as the
required or preferred bit rate for supporting current down-
load communication needs of the two WCDs. The download
communication needs of each WCD could, for instance,
depend on the types of applications or programs running on
cach WCD that consume or process the data in received
download transmissions. If the transmission bit rate that can
be supported on the respective downlink to each of the two
particular WCDs 1s large enough to simultaneously accom-
modate the needs of both WCDs, then the controller 312 can
the allocate the downlink resource block to both WCDs at
the same time. In particular, 11 the transmission bit rate that
can be supported on the respective downlink to each of the
two particular WCDs 1s more than each WCD requires, such
that allocating the downlink resource block to just one of the
WCDs would result in unused transmission capacity, then
shared allocation can avoid neflicient used of transmission
capacity.

For mstances 1n which the controller 312 does allocate a
downlink resource block to two WCDs, the bufler 310 may
be caused to direct an output data stream 316 to the
bit-stream blender 314. More particularly, the data stream
316 can contain data bound for transmission to two particu-
lar WCDs. In accordance with example embodiments, the
data for each WCD could be 1n the form of a bit stream, and
the bit-stream blender 314 can blend the bit streams into a
blended bit stream 318 that can then be modulated and
transmitted 1n one or more resource elements of the com-
monly-allocated downlink resource block. As described
below, each of the two W(CDs can subsequently demodulate
the data 1n the common-allocated downlink resource block
and recover 1ts respective bit stream.

In one example, the bit-stream blender 314 can operate by
subdividing each respective bit stream 1n the data stream
316, and interleaving the subdivided portions to from the
blended bit stream 318. By coordinating the subdivision and
interleaving with the scheduling tunction of the controller
and with the pre-adjusted (and adjustable) modulation
scheme used on various sub-carriers of the OFDM trans-
mitter 302, the bit-stream blender 314 can ensure that the
blended bit stream 318 can be modulated and transmitted in
such a way that facilitates separation of the blended bait
streams upon demodulation by the receiving WCDs. More
particularly, the subdivided, interleaved bit-stream portions
can be arranged so a different mode of modulation 1s applied
to individual bit streams that make up the blended bit stream.
The bit-stream blender 314 could be implemented using
hardware, software, and/or firmware. In some 1implementa-
tions, bit-stream blender 314 could be part of controller 312.

For instances in which the controller 312 allocates a
downlink resource block for just one WCD, modulation and
transmission may be carried out conventionally. Thus, the
bufler 310 may be caused to direct conventional output data
stream 320 to the OFDM transmitter 302. In this case, the
conventional output data stream 320 can be a bit stream
carrying data for just one WCD, and the OFDM transmitter
302 can correspondingly modulate the data for the WCD. In
accordance with example embodiments, the OFDM trans-
mitter 302 could, however, modulate and transmit the data
in the same way, regardless of whether or not a downlink
resource block has been allocated for two or just one WCD.
In other words, sharing of downlink resource blocks—or of
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downlink resource elements 1n a shared downlink resource
block—can be transparent to operation of the OFDM trans-
mitter 302. Further details of OFDM transmitter operation
are described below.

FIG. 4 1s a functional block diagram of an example WCD
400. WCD 400 could, for example, correspond to any of
WCDs 116-122 shown in FIG. 1. For purposes of 1llustra-
tion, WCD 400 will be described as usmng OFDM and
downlink resource blocks as shown 1n FIGS. 2A and 2B. It

1s to be understood, however, that other types of air inter-
faces could be used.

As shown 1n FIG. 4, WCD 400 includes an OFDM

receiver 402 for recerving downlink communications from
an OFDM communication system, such as base station 300,
via one or more antennas, exemplified in FIG. 4 by antenna
404. The downlink communications could include downlink
data contained 1n one or more downlink resource blocks.
The downlink communications could also include control
signaling, such as messages used to allocate downlink
resource blocks to WCD 400 and assign a modulation mode
to WCD 400. WCD 400 could also include an OFDM
transmitter (not shown) for transmitting uplink communica-
tions via antenna 404.

The OFDM receiver 402 could function to recover data
from OFDM symbols, for example, by performing the
reverse ol the operations performed by OFDM transmitter
302. As described 1n detail below, the OFDM receiver 402
may receive an OFDM symbol spanning K sub-carriers,
obtain time-domain samples of the OFDM symbol, and
provide the time-domain samples in parallel to a Fast
Fourier Transform (FFT) module. The FFT module outputs
the K sub-carriers of the OFDM symbol, with each sub-
carrier including a respective sub-carrier symbol. OFDM
receiver 402 may then demodulate the sub-carriers to
recover the data represented by the sub-carrier symbols. The
data from the sub-carriers may be serialized to provide an
output data stream 406.

WCD 400 may also include a controller 408 that 1s
configured to control the tunctioning of WCD 400. Control-
ler 408 could be implemented using hardware, software, and
or firmware. In one example, controller 408 includes one or
more processors 410 and data storage 412. Data storage 412
could be any type of non-transitory computer readable
medium, such as volatile and/or non-volatile memory. Data
storage 412 may store program instructions 414 and pro-
gram data 416. Program 1nstructions 414 may be executable
by processor(s) 410 to cause WCD 400 to perform opera-
tions, such as any of the operations described below with
reference to FIG. 13. For example, program instructions 414
may include instructions for receiving an assignment of
modulation mode to recover data for WCD 400 from
demodulated data that 1s included in output data stream 406.
Program data 416 could include any data that 1s generated or
used 1n connection with the execution of any of program
instructions 414.

In some examples, program 1nstructions 414 also include
an operating system, communications protocols for commu-
nicating using LTE or some other type of air interface, and
one or more applications that can be accessed by a user of
WCD 400. Such applications could include a voice appli-
cation for VoIP communications, an email application for
email communications, a text application for text-based
(SMS) communications, a Web application for accessing
Web servers, and/or a media application for receiving
streaming media from a media server. Other types of appli-
cations are also possible.
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The data recovered from output data stream 406 could be
provided as mput to one or more of such applications. Thus,
the data recovered from output data stream 406 could
include voice data that 1s provided to a voice application,
Web data that 1s provided to a Web application, streaming
media that 1s provided to a media application, etc.

Some of the applications may be configured to use a user
interface 420 in WCD 400. User intertace 420 1s configured
to recerve mput from the user and to convey output from the
user. For instance, user interface 420 may include a touch
screen, a keypad, buttons, and or other controls for receiving
input from the user. User interface 420 may also include a
display screen for displaying textual and/or graphical infor-
mation to the user. In addition, user interface 420 may
include a microphone and speaker for voice communication.

2. EXAMPLE OPERATTON

Shared allocation of downlink resource blocks for trans-
mission of data to WCDs can be illustrated by considering

example operation.
FIG. 5 1s a functional block diagram of an OFDM

transmitter S00 that 1llustrates how a data stream 501 may be

processed for transmission, according to an example
embodiment. The OFDM transmitter 500 could correspond
to the OFDM transmitter 302 1n FIG. 3, for example. The
data stream 501 could be a blended bit stream for transmis-
sion to two WCDs, such as the blended bit stream 318.
Alternatively, data stream 501 could be a data stream, such
as the conventional output data stream 320 carrying data for
just one WCD. The illustration 1 FIG. 5 can be taken to
represent a snapshot ol operation during a time interval
equal to one “symbol time,” T, .., in which one OFDM
symbol 1s generated from multiple frequency components
carried on K sub-carriers.

The data stream 301 1s represented as a serial bit stream
in time B(t), where B 1s the bit value (0 or 1) and t 1s time.
For purposes of illustration, only a portion of B(t) 1is
depicted, with example bit values “00101101 . .. 01,” where
the ellipses represent additional, intervening bits in the serial
stream. The particular values in the depiction are arbitrary,
serving only to 1llustrate example operation. Also, 1n FIG. 5,
time tin B(t) increases toward the right, so that bits “00” on
the left in the example data stream 301 arrive at the
transmitter at earlier times than the “01” bits that follow to
the right of the ellipses.

In OFDM transmitter 500, data stream 501 1s received by
a Serial-to-Parallel (S/P) converter 502, where the serial data
are divided 1nto K parallel bit sub-streams for modulation
onto K sub-carriers. The parallel bit sub-streams of data are
identified as, b,, b,, . . ., b, where the ellipses represent bit
sub-streams between b, and b, not shown for the sake of
brevity in FIG. 5. By way of example, b, contains the four
leading bits 0010 of B(t), b, contains the next four bits 1101,
and b, contains the last two bits 01 of B(t). As described
below, the number of bits 1n each bit sub-stream corresponds
to the number of bits that can be modulated onto the
particular sub-carrier to which each bit sub-stream 1s
directed, which, in turn corresponds to the number of bits per
symbol. For each sub-carrier, the number of bits per symbol
may depend, at least in part, on RF conditions aflecting the
particular sub-carrier at or near the time the transmission 1s
scheduled. Since RF conditions can vary with time, the
number bits per symbol supported by any given sub-carrier
can correspondingly vary with time. As noted above, under
LTE, the sub-carriers assigned to a given user typically use
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the same modulation scheme, and thus carry the same
number of bits per symbol, during a given symbol time.
In accordance with example embodiments, the parallel bit
sub-streams are input to a symbol mapper 504, which maps
cach respective bit sub-stream to a respective modulation
symbol according to a respective modulation scheme appro-
priate for the number of bits in the respective bit sub-stream.
By way of example, and to illustrate the use of possibly
different modulation schemes on different sub-carriers, the
four-bit sub-streams b, and b, will each be mapped using
16-QAM and the two-bit sub-stream b, will be mapped
using QPSK. These and/or other modulation schemes could
be used for the other bit sub-streams not shown 1n the FIG.
5. For example, 64-QAM can be used to map a six-bit

sub-stream to a 64-QAM symbol, and 256-QAM can be

used to map an eight-bit sub-stream to a 256-QAM symbol.
Other modulation schemes could be used as well. As noted,
the number of bits in each of the K sub-streams can be
adjusted by a controller/scheduler based on RF conditions,
for example.

The output of the symbol mapper 504 are K data symbols,
labeled X, X,, . . ., X, each corresponding to a modula-
tion-mapping of a respective mput bit sub-stream. As shown
in FIG. §, each respective data symbol 1s then modulated by
a respective one of the K sub-carniers 1,, 1,, . . ., I to
generate a corresponding one of K sub-carrier data symbols
S, (1), S,(t), . .., Sp(t). Each sub-carrier data symbol S, (t),
n=1, . . ., K, 1s a different one of the X , n=1, . . . , K,
modulated at each of K consecutive sample times by a
respective one of the K sub-carrier frequencies. Thus, each
sub-carrier data symbol S, (t) in FIG. 5 corresponds to a
stream of K time samples, and the K sub-carrier data
symbols S, (1), S,(1), . . ., Sx{t) constitute K concurrent,
parallel streams.

In practice, the modulation process multiplies each
respective data symbol X by a respective sinusoidal func-
tion of both a respective one of the frequencies 1, 1,, . . .,
f,, and time at each of K evenly-spaced time steps, or
“sampling times,” spanning one unit ot T, .. In accor-
dance with example embodiments, each sub-carrier ire-
quency 1s an integer multiple of a fundamental baseband
trequency 1,=1/1,,,.,» so that f=Ixt,, £,=2xt,, . . . .
{,=Kx1,. The integer-multiple relation of the sub-carrier
frequencies 1,=kx1i,, k=1, . . . , K, makes the set of the K
sub-carriers (and the K sinusoidal modulation functions)
orthogonal. The sampling times are given by t =nxAt,
n=1, . .., K, where the sampling time step At 1s given by
At=T /K.

symbol
In accordance with example embodiments, at sample time

t the sinusoidal function with sub-carrier frequency 1, can
be expressed as exp(—j2ni.t y=cos(2ni .t )—-1 sin(2mi;t ),
where j=V—1. With f, and t, defined as above, the sinusoidal
function can be rewritten in the simpler and more compu-
tationally convenient form of exp(—12nnk/K).

For the example LTE system described above, Af=135
kHz, which corresponds to the bandwidth of each sub-
carrier. The symbol time 1s theretore 1,,,,,,~66.7 micro-
seconds (us) However, other bandwidths and corresponding
sampling time steps could be used. As noted above, the size
of each time step At depends on the total number of samples

K according to the relation At=T, . /K. For example, for

a total bandwidth of 1.4 MHz, K=128; for a total bandwidth
of 3 MHz, K=256; and for a total bandwidth of 20 MHz,
K=2048. Note that LTE can support total bandwidths of 5,
10 and 15 MHz as well, with K=512, 1024, and 1536,

respectively.
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Continuing with the example operation 1llustrated 1in FIG.
5, an OFDM symbol 1s formed from the K sub-carrier data
symbols S, (1), S,(1), . . ., Sg(t) of one symbol time T, ..,
by processing the sub-carrier data symbols through an
Inverse Fast Fourier Transform (IFFT) module 506, which
generates a set of K time-domain digital samples x(t, ),
where, again, t =nxAt, n=1, . . ., K. Each digital sample x(t )
now corresponds to a superposition of sub-carrier frequency
components at one of the sample time. Thus, whereas each
of the sub-carrier data symbols S,(t), S,(t), . . ., Sg{t) 15
carried on an individual sub-carrier, the resulting OFDM
symbol spans the K sub-carriers and 1s serialized in time.
That 1s, 1n addition to computing an mverse Fourier trans-
form on the K sub-carrier data symbols, the IFFT module
506 also acts as a parallel-to-serial converter, converting the
K parallel streams to the time-serial stream x(t, ).

As described 1mm more detail below, each of the X,
X,, ..., Xdata symbols 1s a complex number, having a real
part and an imaginary part. Therefore, each of the K sub-
carrier data symbols S, (t), S,(t), . . ., Sx(t) 1s a stream of
complex numbers, and the K time-domain digital samples
x(t ), n=1, ..., K, output by the IFFT module 506 are also
complex numbers. In accordance with example embodi-
ments, the real and imaginary parts of x(t, ), n=1, ..., K, can
be output 1n two separate streams of digital samples. This 1s
indicated 1n FIG. 5, where the real part of the digital sample
stream 1s labeled Re[x(t,) x(t,) . . . X(1)], and the imaginary
part 1s labeled Im[x(t,) x(t,) . . . X(t)].

Each of the two digital streams 1s then converted to a
respective analog signal, and both analog signals are up-
converted to a common carrier frequency 1., but with a
relative phase oflset of 90° between the two up-converted
signals. By way of example 1n FIG. 5, the real part of the
digital sample stream 1s converted to an analog signal by the
digital-to-analog converter (DAC) 508-1, and the imaginary
part 1s converted to an analog signal by the digital-to-analog
converter (DAC) 508-2. The up-conversion 1s achieved by
multiplying each analog signal by a carrier signal of fre-
quency 1, but with a different one of two 90°-oflset phases
(indicated as /2 1n the figure). For example, one phase of
the carrier signal can be sine of 1. and time, and the other
phase can be a cosine of { and time. The two up-converted
analog signals are then added, and the summed signal is
transmitted 1n the signal 511 by the antenna 510 of the
OFDM transmitter 500, as illustrated.

The OFDM symbol formed during one symbol time
L, mp0r @ described above 1s a frequency superposition of all
the K symbols output by the symbol mapper 504, and thus
spans all the K sub-carriers of a given OFDM downlink. In
conventional operation under LTE, the smallest unit of
resources that 1s allocated to a WCD at any one time 1s one
downlink resource block. As noted above, this allocation
unit spans 12 sub-carriers and seven OFDM symbol times
(one slot). In general, the total number of sub-carriers
transmitted 1s larger than the 12 of one downlink resource
block. That 1s, typically K>12. For example, 1n a 1.4-MHz
bandwidth mode, s1x resource blocks are transmitted 1n each
slot. This corresponds to 72 sub-carriers (as described
below, K can exceed the number of sub-carriers that are
actually transmitted).

Allocation of a particular downlink resource block to a
given WCD can therefore correspond to allocating a par-
ticular sequence of 12 consecutive sub-carriers out of the K
total sub-carriers. However, the given WCD will recerve all
the transmitted sub-carriers, and will use them all to
demodulate the received signal, as described below. After
demodulation, the WCD can retain only the resource ele-
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ments corresponding to the 12 consecutive sub-carriers of its
allocated downlink resource block (as well as any others
from possibly other allocated resource blocks). In this sense,
at least one sequence of 12 consecutive sub-carriers among
the K sub-carniers 1, 1,, . . ., Ix- illustrated in FIG. 5 belongs
to one downlink resource block. In accordance with example
embodiments, and as will be described below, one or more
sub-carriers ol a given resource block can, unlike under
conventional operation, be allocated simultaneously to two

WC(CDs.

Referring again to FIGS. 2A and 2B, one OFDM symbol
carries a frequency superposition of all the resource ele-
ments scheduled for transmission during a given symbol
time. As such, one OFDM symbol can span the resource
clements of all the resource blocks during the given symbol
time. The procedure represented 1n the snapshot 1llustrated
in FIG. 5 above can be repeated at successive symbol times,
such that for LTE, every seven consecutive OFDM symbol
transmissions aligned with a given slot boundary span, in
frequency and time, all the resource blocks of the given
single slot. Similarly, every 14 consecutive OFDM symbol
transmissions aligned with a given sub-frame boundary
span, 1n frequency and time, all the resource blocks of the
given single sub-frame, and so on.

Note that it 1s sometimes customary to refer one OFDM
symbol as spanning just the 12 sub-carriers of a single given
resource block. This can be a convenient way of descrip-
tively associating OFDM symbols with individual resource
blocks. However, at a computational level, the IFFT super-
position 1s still carried out over all the sub-carriers of the
downlink air interface, which can include sub-carriers above
and below (in frequency space) the sub-carriers of the given
resource block.

Although not necessarily shown 1n FIG. 5, each OFDM
symbol formed as described above can also include a cyclic
prefix to help mitigate inter-symbol interference that may be
caused by multipath propagation during transmission. Under
LTE, a cyclic prefix can be formed by duplicating the last P
of the K time-domain digital samples x(t, ), n=1, , K,
output by the IFFT and pre-pending them to begmmng of the
OFDM symbol. The resulting OFDM symbol plus cyclic
prefix will be of slightly longer duration than the symbol
time T, ,.;. More particularly, one 0.5-ms slot divided by
seven OFDM symbols per slot corresponds to approximately
71.4 1s per OFDM Symbo. in time. As noted above,
T, mpor—1/A1=66.7 us. The difference of approximately 4.8 is
corresponds to the cyclic preﬁx added to each OFDM
symbol prior to analog conversion and transmission. In
practice, the cyclic prefix pre-pended to the first OFDM
symbol of a slot 1s slightly longer than that pre-pended to the
following six OFDM symbols of the slot. This can help
distinguish the slot boundary for a device (e.g. a WCD) that
receives the transmission.

While the number K of time samples per symbol time 1s
the same as the number K of sub-carriers, not all of the
sub-carriers are necessarily used in transmission of each
OFDM symbol under LTE, even though all K time samples
of the time-domain digital samples x(t ), n=1, . .., K are
generated and converted to an analog signal for transmis-
sion. In addition, not all of the transmitted sub-carriers are
necessarily associated with resource blocks. For example,

for the 1.4-MHz channel bandwidth mode of LTE, only 76
of K=128 sub-carriers are transmitted, 72 of them associated

with six resource blocks (6x12=72). Thus, the 76 transmuit-

ted sub-carriers, each 15 kHz wide, occupy approximately
1.14 MHz of the 1.4 MHz available for transmission.

Mathematically, this 1s equivalent to setting 52 of the symbol
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values X ,n=1, ..., 128, equal to zero (where 76=128-52).
The omitted 52 sub-carriers can serve as guard sub-carriers,
since the frequency space that would be occupied if they
were transmitted 1s istead empty. Stmilarly, for the 3-MHz
channel bandwidth mode of LTE, only 151 of K=256
sub-carriers, occupying 2.265 MHz of the available 3 MHz,
are transmitted; 105 sub-carriers serve as guard sub-carriers.
The 5, 10, 15 and 20-MHz modes also utilize guard sub-
carriers. Note that for purposes of 1llustration, and without
loss of generality, FIG. § (and other figures herein that
similarly represent sub-carriers) depicts all K sub-carriers as
i all are transmitted.

In order to help illustrate how one or more (or all)
resource eclements of a downlink resource block can be
shared by two WCDs, 1t 1s useful to examine example
symbol modulation schemes in more detail. The process of
symbol modulation maps a block of bits to one of a discrete
set of symbol positions 1n a complex modulation plane. An
“imn-phase” (or just “I”’) component of the symbol 1s mapped
to a discrete position along the real axis, or I-axis, of the
complex modulation plane, and a “quadrature” (or just “Q”)
component of the symbol 1s mapped to a discrete position
along the imaginary axis, or (Q-axis, of the complex modu-
lation plane. Each symbol position can therefore be repre-
sented as a complex number, having a real I-component
value and an imaginary Q-component value i the complex
modulation plane. The set of discrete symbol positions in the
modulation plane 1s referred to as a “constellation.” The total
number N of constellation points 1s typically determined as
N=2", where b 1s the number of bits that can be represented
in any given symbol of the constellation. For example, for
QPSK, b=2 and N=4; for 16-QAM, b=4 and N=16; and for
64-QAM, b=6 and N=6.

FIG. 6 shows two ways of labeling the I- and Q-compo-
nents for example constellations of QPSK and 16-QAM. As
shown 1n the figure, a QPSK constellation 602 has four
symbol positions representing the four possible numbers that
can be formed from two bits. In the top panel (labeled “a”),
cach of the four numbers 1s represented as a concatenation
of a 1-bit Q-component and a 1-bit I-component: 00, 01, 10,
and 11, or more generally QI. In the bottom panel (labeled
“b”), each of the four numbers i1s represented 1n a rectan-
gular-coordinate form of the I- and Q-components: (0,0),
(0,1), (1,0), and (1,1), or more generally (Q.,I). The two
representations are equivalent, but the second, (Q,I), can be
more convenient for illustrating sharing downlink resource
elements, as described below.

A similar description applies to the 16-QAM constellation
604 in FIG. 6. In this case, 16 symbol positions represent the
16 possible numbers that can be formed from four bits. In the
top panel, each of the 16 numbers 1s again represented as a
concatenation, this time of a 2-bit Q-component and a 2-bit
I-component: 0000, 0001, 0010, . . . , 1111, or more
generally QI (where the ellipses represent intervening 4-bit
numbers). In the bottom panel (labeled “b’"), each of the 16
numbers 1s again represented i a rectangular-coordinate
form of the I- and Q-components: (00,00), (00,01),
(00,10), ..., (11,11), or more generally (Q,I). Again, the two
representations are equivalent.

The above description can be extended to 64-QAM (88
constellation) and 236-QAM (16x16 constellation), and
similar concepts can be applied to other types of constella-
tions. In both of the above examples, as well as other QAM
modulation schemes (e.g., 64-QAM, etc.), the I and Q axes
are orthogonal. As a result, the I- and Q-components of a
given symbol can be modulated separately, and do not
interfere with one another upon transmission.
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It should be noted that the particular bit assignments of the
I- and Q-components in each the constellations 602 and 604
in FIG. 6 represent just one possible set of such assignments,
and that others are possible, so long as each constellation
point 1s assigned a unique bit pattern from among the
possible bit patterns.

FIG. 7 1s a functional block diagram of an OFDM
transmitter 700 analogous to the OFDM transmitter 500 in
FIG. 5, but with a symbol mapper represented conceptually
by a set of complex modulation planes. This version of an
OFDM transmitter illustrates additional details of the modu-
lation and transmission process. As shown, a data stream
701, represented as a serial bit stream B(t), 1s input to a S/P
converter 702. For purposes of illustration, B(t) 1s taken to
be the same as that shown in FIG. 5. The serial data are
divided into K parallel bit sub-streams b,, b,, . .., bg, and
cach 1s then mapped to a respective constellation symbol for
modulation onto K sub-carriers.

In this example, the bit streams b, and b, are each four bits
in length, and are therefore modulated using 16-QAM; the
bit stream b, has two bits, and 1s therefore modulated using
QPSK. Referring again to FIG. 6, b,=0010 1s mapped to the
0010 symbol position mn the 16-QAM modulation plane
modulation. The resulting complex symbol can be written as
X, =I,+Q,, where I, and Q, are the I- and Q-components
andjq/J—_l. Similarly, b,=1101 1s mapped to the 1101 symbol
position 1n the modulation plane modulation, and the result-
ing complex symbol can be written as X,=I,+1Q,, where I,
and Q, are the I- and Q-components. As shown, b,=01 1is
mapped to the 01 symbol position 1n the QPSK modulation
plane modulation, and the resulting complex symbol can be
written as X =I.+1Q, where 1. and Q, are the I- and
Q-components. A similar process 1s carried out for the
intervening bit streams (represented by vertical ellipses 1n
FIG. 7).

As described above, each of the respective data symbols
1s modulated onto a respective one of the K sub-carriers 1,
t,, ..., I to generate a corresponding one of K sub-carrier
data symbols S, (1), S,(t), . . ., Sx(t), and the sub-carrier data
symbols are then processed through the IFFT module 706,
which generates the set of K time-domain digital samples
x(t ), where, as before, t =nxAt, n=1, . . ., K. Writing x(t, )
as stmply x , the real and imaginary parts of x , n=1, . . .,
K, can again be output in two separate streams of digital
samples, now labeled 1n FIG. 7 as Re[x, X, . .. X ... Xg]
and Im[X, X, ...X_...Xx]|. The form of X, can be expressed
in terms of superpositions of the I- and Q-components
determined by the respective symbol mappings of the K bit
streams. Specifically:

1 &
k=0

and

In this form, the superposition of frequency components at
cach time step t, 1s explicitly represented by the sum over k.
The remaining operations, namely analog conversion with
DAC 708-1 and 708-2, up-conversion to the carrier fre-
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quency 1 _, and transmission of the signal 711 by the antenna
710 are generally the same as the analogous operations
described above for the OFDM transmitter 500.

FIG. 8 1s a functional block diagram of an OFDM receiver
800 showing further details of reception and OFDM
demodulation, in accordance with an example embodiment.
The OFDM recetver 800 could correspond to the OFDM
receiver 402 1n FIG. 4, for example. The operation illus-
trated 1n FIG. 8 1s somewhat idealized in the sense that
potential degrading eflects such as noise and multipath
transmission are ignored for the moment. In practice an
OFDM receiver, such as the one 1in FIG. 8, can include
additional components and procedures for mitigating these
ellects (e.g., cyclic prefixes, error correction, etc.).

As shown, an analog signal 821 1s received by an antenna
820. The received analog signal 821, which could corre-
spond to the transmitted signal 711, for example, 1s directed
onto two different paths, and 1n simultaneity, the analog
signal on each path 1s multiplied a sinusoidal signal of
frequency 1, but with a different one of two 90°-oflset
phases (indicated as m/2 1n the figure). The process eflec-
tively picks out the real component from one signal path (the
top path in the FIG. 8) and picks out the imaginary com-
ponent from the other signal path (the bottom path in the
FIG. 8). The real component 1s passed through a low-pass-
filter (LPC) 822-1 that outputs a baseband analog signal of
the real component, and the 1imaginary component 1s passed
through a LPC 822-2 that outputs a baseband analog signal
of the imaginary component. The baseband analog signal of
the real component 1s then passed through an analog-to-
digital converter (ADC) 824-1 to generate digitized samples
of the mput signal, labeled n FIG. 8 as Re[x; x, . . .
X, ... Xg|. Similarly, the baseband analog signal of the
imaginary component 1s passed through an ADC 824-2 to
generate digitized samples of the mput signal, labeled 1n
FIG. 8 as Im[x; x, ... X ... Xg].

The real and imaginary digital sample streams are then
processed through the FFT module 826, which computes
and outputs a parallel streams of complex modulation sym-
bols X, X,, ..., X4, each on one of the K sub-carriers. This
reverses the IFFT processing carrted out by the
OFDM transmaitter, so that X,=I,+Q,, X,=,+1Q,, . . .,
X =1 +q1Q . ..., X ~=I+1Q.. Under idealized conditions of
perfect (error-free) transmission, the received version of X
will the same as the transmitted version. In practice, this will
not generally be the case. However, for the purposes of the
present 1illustrative example, the agreement between the
received and transmitted modulation symbols will be
assumed be suflicient to result in accurate symbol demodu-
lation.

In accordance with example embodiments, each modula-
tion symbol can be demodulated by determining 1ts real (I)
and 1maginary ((Q) components. The symbols are demodu-
lated 1n parallel to generate K parallel bit streams b ,
n=1, ..., K. This 1s represented in FIG. 8 by locating each
modulation symbol X 1n a respective demodulation plane.
Thus, X,=I,+1Q, 1s demodulated using 16-QAM as the bit
sub-stream b,=0010. Similarly, X,=I,+1Q, 1s demodulated
using 16-QAM as the bit sub-stream b,=1101, and X, =1+

1Qx 15 demodulated using QPSK as the bit sub-stream

b,=01. The parallel bit streams are then input to a parallel-
to-serial (P/S) converter 828, which generates a serial bit
stream 892, represented by B(t). The received serial bit
stream B(t)=001011010 . . . 01 will be the same as that
transmitted by the OFDM transmutter.

Since mput analog signal 821 can contain a continuous
stream of frequency superpositions of modulated symbols,
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precise timing can be used by the OFDM receiver 800 to
determine time boundaries of the symbols. In this way, the
proper sequences of consecutive samples can be processed
to recover serial demodulation symbol sub-streams, result-
ing bit sub-streams, and reconstructed serial bit streams.
Under LTE, every seven consecutive received OFDM sym-
bols aligned with a given slot boundary span, 1n frequency
and time, all the resource blocks of the given single slot.
Similarly, every 14 consecutive OFDM symbol transmis-
sions aligned with a given sub-frame boundary span, in
frequency and time, all the resource blocks of the given
single sub-frame, and so on.

As noted above, 1n conventional operation under LTE, a
grven WCD can be allocated one or more downlink resource
blocks, each having 12 consecutive sub-carriers. However, a
serial bit stream corresponding to one OFDM symbol can
correspond to all the K sub-carriers received. In practice, a
WCD will only retain the one or more sub-portions of a bit
stream that corresponds to the sub-carriers 1n its one or more
allocated downlink resource blocks. The WCD will never-
theless need to apply the FFT processing to all K time
samples in Re[x, X, ... X, ...Xz]and Im[x, x,...X_ ...
X | during each symbol time 1n order to recover the respec-
tive X on the WCD’s allocated sub-carriers.

FIG. 9 illustrates a functional summary of OFDM trans-
mission and reception, highlighting aspects related to sym-
bol modulation and demodulation, and also now depicts the
sub-carriers of one downlink resource block as a subset of
the K total sub-carriers. An OFDM transmitting entity 1s
represented by a BS 914 and an OFDM receiving entity 1s
represented by a WCD-p 916. An air interface 911 between
them can carry downlink and uplink communications, such
as one or more downlink resource blocks. The transmitting
process 1n FI1G. 9 1s represented by just a S/P converter 904
and three representative symbol modulation planes; the
receiving process 1n 1s similarly represented by just a P/S
converter 928 and three representative symbol demodulation
planes. The vertical ellipses in the figure represent sub-
carriers that are not explicitly displayed. The horizontal
cllipses between the modulation and demodulation planes
represent the other processes of transmission and reception
discussed above in connection with FIGS. 7 and 8, for
example.

A data stream 901, depicted as serial bit stream
B(t)=...00101101...01 ..., 1s mputto the S/P converter

901, which outputs the parallel bit sub-streams b, . .., b,,
b,1s oD 115 ., b thatare then mapped to K respective

complex symbols for modulation and transmission on K
sub-carriers, as described above. As noted above, under
LTE, all of the sub-carriers allocated to a given WCD use the
same modulation scheme during any given symbol time. In
this example, the bit sub-streams b, b ., b, carry

s -
data that are modulated using 16-QAM onto 12 sub-carriers

of a downlink resource block allocated to the WCD-p 916,
where the subscript p corresponds to the “p” designator in
the label “WCD-p.” A vertical double arrow labeled “1 RB”
marks the 12 sub-carriers of the allocated downlink resource

block. As shown, b, contains the first four displayed bits
0010 of B(t), b,,, contains the next tour 1101, and b

p+11
contains the last four displayed bits 1011 of B(t). Explicit bat
values for b, and b, are omitted for the sake of brevity 1n the

figure, and only the modulation planes for the sub-carriers of
the downlink resource block allocated to the WCD-p 916 are

shown.

The received analog signal 1s processed and digitally
sampled to recover K complex symbols (not shown), which
are then demodulated into the received parallel bit sub-
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streams by, .. .,b,, b, ,.....b, ,..., bg The received
parallel bit sub-streams are mput to the P/S converter 928,
which combines them appropriately to produce the recerved
data stream 929. The WCD-p 916 retains and process only
the portion of the received serial data stream 929 carried in
its allocated downlink resource block (and 1n any other
resource blocks allocated to 1t).

In conventional operation under L'TE, a given downlink
resource block can be allocated to only one WCD. This can
lead to ineflicient utilization of available bandwidth when
the data rate supported on the sub-carriers corresponding to
a resource block 1s high enough to simultaneously carry data
for two WCDs. More particularly, in this situation, conven-
tional LTE will allocate two resource blocks—one to each of
the two WCDs—when a single resource block would be
suflicient. The result 1s an under-utilization of both resource
blocks, and hence, of the bandwidth associated with them.

FIG. 10 illustrates an example of the type of under-
utilization that can occur. The operation shown 1s similar to

that in FIG. 9, but now the process 1s depicted for two
WCDs, namely WCD-p 1016 and WCD-v 1018, receiving

downlink communications from a BS 1014 via simultaneous
transmissions 1013. Each WCD 1s allocated one resource
block, each resource block marked in the figure by a
respective vertical double arrow labeled “1 RB.” An input

data stream now 1includes a serial bit stream U (1)=
1001 . .. 1011 for the WCD-p 1016 and a serial bit stream
U, (1)=0011 . .. 0010 for the WCD-v 1018. In this example,
U, (1) precedes U (1), and the two together are part ot a single
serial bits stream 1001 ... 1011 ...0011 ... 0010, where
there can be other, interveming bit streams as well. These two
serial bit streams could correspond to the data stream 320
output by the bufler 310 1n FIG. 3, for example.

The S/P converter 1004 generates parallel bit sub-streams
b, ...,b,b, s bbb
b...{,...,bzthat are then mapped to K respective complex
symbols for modulation and transmission on K sub-carriers.
The bit sub-streams b, b ., b, carry data that are

p+].3 . .
modulated onto 12 sub-carriers of the downlink resource

block allocated to the WCD-p 1016, and the bit sub-streams
b,b. .., ...,b, ., carry data that are modulated onto 12
sub-carriers of the downlink resource block allocated to the
WCD-v 1016. In the example operation, b,=1001, b_,, 1s
left empty, and b, ,,=1011; and b, =0011, b, ., 1s left empty,
and b, ,,=0010. Explicit bit values for b, and b, are omaitted
for the sake of brevity 1n the figure, and only the modulation
planes for the sub-carriers of the downlink resource blocks

allocated to the WCD-p 1016 and the WCD-v 1018 are
shown.

The empty bit sub-streams, b, , and b, in this example,
could correspond to sub-carriers for which no data 1s sched-
uled during one or more symbol times by the scheduler. The
scheduler can make such a determination based on how
much data 1t has to transmit during a given one or more
symbol times within a resource block, and the data rate
supported on the sub-carriers. Although not explicitly shown
in the figure, there could be additional empty sub-carriers 1n
either or both resource blocks. In practice, the scheduler can
leave one or more sub-carriers empty when the supported
data rate exceeds current transmission needs. Empty sub-
carriers during any given symbol time correspond to empty
resource elements 1n a resource block, and hence unused
capacity.

For purposes of the present 1llustration, 1t 1s assumed that
the data on the sub-carries allocated to both WCDs are
modulated using 16-QAM. As described below, the deter-

mination of modulation scheme can be based on RF condi-
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tions, such that better RF conditions allow for high-order
modulation and higher data rates (1.e., more bits per sym-
bol), and vice versa. In this way, an available data rate can
exceed what 1s actually needed at any given time.

With the example arrangement b,=1001 1s mapped to
1001 and b, ,,,=1011 1s mapped to 1011. The modulation
plane of the sub-carrier for the empty bit sub-streams b, | 1s
left blank to signify that no data are transmitted on this
sub-carrier. Similarly, b =0011 1s mapped to 0011 and
b,.,;=0010 1s mapped to 0010. The modulation plane of the
sub-carrier for the empty bit sub-streams b, , 1s leit blank,
again to signily that no data are transmitted on this sub-
carrier. The modulation mappings of these bit sub-streams
are pertectly valid. However, they each under-utilize a total
amount of available mapping space. Specifically, each of
b, and b, are left empty; there could be additional empty
sub-carriers 1n either or both the two resource blocks shown.
Again, these empty sub-carriers represent unused capacity.

The received analog signals are processed and digitally
sampled by each WCD to recover K complex symbols (not
shown), which are then demodulated into the received
parallel bit sub-streams b,, , b, b b

p+]_3"' p+113"'
b, b ., b

il - - T b In each WCD, the received
parallel bit sub-streams are 1mput to a P/S converter 1028,

which combines the parallel bit sub-streams to produce the
recerved serial bit streams U (t) and/or U,(t). The WCD-p

1016 retains and process only U (), and the WCD-v 1018
retains and process only U (t).

In accordance with example embodiments, the type of
under-utilization and attendant inefliciencies that can result
from conventional allocation of any given downlink
resource block to just one WCD can be largely reduced or
climinated by a technique that enables the two WCDs to
simultaneously share the same downlink resource block.
More particularly, a base station (or other network element)
can determine when one or more sub-carriers of a downlink
resource block can support a data rate suflicient to transmit
data to two WCDs at the same time. The approach of this
technique 1s to modulate data for one of the WCDs on the I
axis of the complex modulation plan of a sub-carrier, and at
the same time modulate data for the other WCD on the Q
axis of the complex modulation plan of the same sub-carrier.
Since the I and Q axes are orthogonal, the data modulated on
cach axis can be transmitted simultaneously without inter-
fering with one another.

FI1G. 11 illustrates an example operation of a technique for
allocating the sub-carriers of a downlink resource block for
simultaneous transmission to two WCDs. In the example, a
serial bit stream 1103 for a WCD-p 1116 and a serial bit
stream 1105 for a WCD-v 1118 are both input to a bit-stream
blender 1102, which could correspond to the bit-stream
blender 314 1n FIG. 3, for example. By way of example, the
same two serial bit streams shown i FIG. 10 serve the
present illustration. Namely, the senial bit stream 1102 1s
given by U (t)=1001 . .. 1011 and the serial bit stream 1118
1s given by U (t)=0011 . . . 0010. The bit-stream blender
1102 subdivides the two serial bit streams into smaller
sub-blocks of bits, and then interleaves the sub-blocks to
form a merged or blended serial bit stream 1107 that 1s input
to a S/P converter 1104.

The size of the sub-blocks 1s the same for each bit
sub-stream, and 1s determined so as to correspond to the
number of bits represented on each of the I and Q axes for
the particular modulation scheme used. In the example
operation, 16-QAM 1s used for the sub-carriers of the
resource block allocated simultaneously to the WCD-p 1116

and WCD-v 1118. Thus the I and Q axes can each encode a
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2-bit symbol, so the sub-blocks are each two bits long. For
the example shown, interleaving the sub-blocks results in

the blended serial bit stream 1107 given by B(t)=001011
01 ... 00101011. The bit sub-blocks and the interleaving
order are mdicated 1n the bit-stream blender 1102. Note that
for 64-QAM, the I and QQ axes could each encode a 3-bit
symbol, so the sub-blocks would each be three bits long.
More generally, for M-QAM modulation, where M=L">, and
[L=2%, the I and Q axes could each encode an N-bit symbol,
so the sub-blocks would each be N bits long.

The S/P converter 1104 outputs K parallel bit sub-streams
b,...,b ,b_..,....b ., ..., b that are then mapped
to K respectwe complex symbols for modulation and trans-
mission on K sub-carriers, as described above. The bit
sub-streams b_, b_.., . . ., b, __.,; carry data that are
modulated onto 12 sub-carriers of a downlink resource block
allocated concurrently to both the WCD-p 1116 and WCD-v
1118; the subscript m 1s used to sigmify that the resource
block 1s not allocated exclusively to either WCD. As shown,
b =0010, b__,=1101, and b, ,,=1011. Note that b__,,
carries the last four bits of the bit stream 1107. Also, explicit
bit values for b, and b, are again omitted for the sake of
brevity in the figure, and only the modulation planes for the
sub-carriers of a downlink resource block allocated to the

WCD-p 1116 and WCD-v 1118 are shown.

By assigning each of WCD-p 1116 and WCD-v 1118 a
different one of the I or Q axes, the I- and Q-components of
any given complex symbol can, 1n effect, be made to carry
a different sub-set of the symbol’s bits for each WCD. This
can be illustrated with reference again to FIG. 6—specifi-
cally, the bottom panel—which represents constellation
symbols as rectangular coordinate values (Q and I. For
example, b, =0010 can be seen as mapping to (00,10). With
the WCD-p 1116 assigned the I axis and the WCD-v 1118
assigned the Q axis, the value I=10 1s directed to the WCD-p
1116 and the value Q=00 1s directed to the WCD-v 1118.
This correctly corresponds to the first two bits of each of
U, (t) and U (1), respectively.

In an analogous way, mapping b__,,=1101 to (11,01)
directs the value I=01 to the WCD-p 1116 and directs the
value Q=11 to the WCD-v 1118. This correctly corresponds
to the second two bits of each of U (t) and U (t), respec-
tively. And mapping the last four bits b__,,=1011 to (10,11)
directs the value I=11 to the WCD-p 1116 and directs the
value Q=10 to the WCD-v 1118, correctly corresponding to
the last bit of each of U (t) and U (1), respectively.

At both WCDs, the received analog signal 1s processed
and digitally sampled to recover K complex symbols (not
shown). In accordance with example embodiments, each of
WCD-p 1116 and WCD-v 1118 can be mformed ahead of
time regarding which of the I or QQ axes the WCD has been
assigned. Then, 1n demodulating the K complex symbols,
cach WCD will pick out only the I or ) component
according the assignment. This 1s indicated 1in FIG. 11 by the

nomenclature of the recovered bit sub-streams. For example,
the WCD-p 1116 recovers b(I_)=10, b(I__,)=01, ..., and

b(I__.,,)=11. Stmilarly, the WCD-v 1118 recovers b(Q, )=
00, b(Q, . ,)=11, ..., and b(Q, . ,,)=10. The P/S converter
1106 of WCD-p 1116 then generates the serial bit stream
U,(1)=1001 ... 1011, and the P/S converter 1108 ot WCD-v
1118 generates the serial bit stream and the serial bit stream
U (t)=0011 . .. 0010. Both WCD only retain their intended
serial bit streams.

In accordance with example embodiments, each WCD
can fully demodulate each complex symbol to recover both
the I- and Q-components of each symbol, and then only
retain the component assigned to the WCD. Alternatively,
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cach WCD can demodulate each complex symbol only
along the axis assigned to the WCD. Either approach will
achieve the same end result. The first approach oflers the
possibility of implementation in WCDs without necessarily
modifying existing capabilities developed for conventional
demodulation of the full I-QQ space. For purposes of the
discussion herein, both approaches will be considered as
demodulation along an assigned axis.

Comparing the example operation of the conventional

approach illustrated 1n FIG. 10 with the technique of shared
allocation of downlink resource blocks illustrated 1n FIG. 11
indicates an efliciency gain of about a factor of two 1n
bandwidth utilization. It will be appreciated that this gain
applies to the example described, and that 1n practice, the
gain can be more or less depending on the particular
circumstances, as well as details of how shared allocation 1s
implemented. For example, while the number of bits per axis
(I or Q) will be the same for any given modulation scheme,

it may not necessarily be the case that the number of bits
needed per I or Q symbol will be the same for both WCDs
of a shared allocation. Furthermore, details of an implemen-
tation, such as scheduling and bit-stream blending, for
example, can also immpact the efliciency gain. However,
shared allocation of downlink resource blocks to two
WCDs—when 1t 1s deemed possible to do so—will 1n
general provide for more eflicient utilization of resources
than exclusive allocation of resource blocks to the two
WC(CDs.

Note that the technique for simultaneously sharing sub-
carriers between two WCDs need not be applied to all the
sub-carriers ol a downlink resource block—and correspond-
ingly to all the resource elements of the downlink resource
block. It can be applied selectively to different resource
clements on different sub-carriers during the same symbol
time, different resource elements on the same sub-carrier as
different symbol times, or diflerent resource elements on
different sub-carriers and during different symbol times.
However, as a matter of implementation, since under LTE
the smallest resource unit allocated to a WCD at any given
time 1s already a resource block, applying the sharing
technique to entire resource blocks can make practical sense.

The allocation of downlink resource blocks to WCDs
could be made by BS 114, for example, or by some other
entity 1n a wireless network such as network 112. The
determination of whether to allocate a downlink resource
block to a particular WCD or pair of WCDs could be made
based on various factors. Such factors could include, for
example, the amount of data that each WCD 1s to receive, the
type of data that each WCD 1s to receive (e.g., whether the
data 1s real-time data or non-real-time data), and the RF
conditions at each WCD. The BS 114 or some other entity
in wireless network 112 may determine the RF conditions at
the WCDs based on reports transmitted by the WCDs. For
example, 1n the LTE approach, each WCD can transmit a
Channel Quality Indicator (CQI) that indicates the downlink
data rate that the WCD can support, given the signal-to-
interference plus noise ratio (SINR) at the WCD’s location
and the characteristics of the WCD’s recerver. Thus, a CQI
report from a WCD 1s 1ndicative of the RF conditions at the
WCD. Moreover, the CQI reported by a WCD can be used
to select a modulation rate (e.g., QPSK, 16-QAM, or
64-QAM) for the OFDM symbols 1n a downlink resource
block, as well as the level of error-correction coding that 1s
provided. In this way, the CQI reports can be used to select
a particular data transmission bandwidth for a downlink
resource block.
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If the data transmission bandwidth of the downlink
resource block allocated to a given WCD 1s greater than the
data rate that 1s needed to transmit the WCD’s data, then the
downlink resource block could also be allocated to an
additional WCD. For example, a downlink resource block
might be able to transmit data at a rate of 1 Mbits/second.
However, 11 the data being transmitted to the WCD 1s voice
data with a data rate on the order of 10 kbits/second, then the
downlink resource block could be also used to transmait data
to another WCD at the same time. For example, the down-
link resource block could be used transmit multiple streams
of voice data to two WCDs.

In the LTE approach, the allocation of downlink resource
blocks to WCDs 1s communicated to the WCDs by the base
station transmitting control signaling over the Physical
Downlink Control Channel (PDCCH). The control signaling
regarding allocation of a particular resource block could
occur at the start of a slot that includes that particular
resource block. In subsequent slots, the allocation of down-
link resource blocks to the WCDs could be different. For
example, a WCD might share downlink resource blocks with
another WCD 1n one slot but not 1n the next slot. Thus, BS

114 may perniodically evaluate, and potentially adjust, the
allocation of downlink resource blocks to WCDs, and BS
114 may perform this evaluation every slot, for example.

3. EXAMPLE METHODS

The example operation illustrated above 1nvolves aspects
carried out by both a base station (or other entity that
transmits data to WCDs on a downlink) and a WCD (or other
entity that receives data on a downlink from a base station).
As such, an example technique for concurrent allocation to
two WCDs of one or more (or all) downlink resource
clements of a downlink resource block can be implemented
as respective methods on a base station and on a WCD. FIG.
12 1s flowchart 1llustrating an example of such method 1200
that may be performed by a base station, such as the base
station 300 1n FIG. 3; and FIG. 13 1s a flowchart 1llustrating,
an example of such a method 1300 that can be performed by
a WCD, such as the WCD 400 in FIG. 4. By way of example,
cach of methods 1200 and 1300 can be implemented as
machine language instructions that can be stored on non-
transient machine-readable media (e.g, solid state memory,
magnetic disk, etc), and that when executed by one or more
processors or a base station or WCD cause the base station
or WCD to carry out operations, steps, and/or functions of
the respective methods.

In the method 1200, a base station serves multiple WCDs
operating 1n the base station’s wireless coverage area. More
particularly, the base station can include a transmitter that
defines the wireless coverage area. As one particular
example, a base station, such as base station 114, might
serve four WCD, such as the WCDs 116-122. In other
examples, the base station might server a greater or fewer
number of WCDs.

At step 1202 a base station allocates a particular downlink
orthogonal 1frequency division multiplexing (OFDM)
resource element to both a first WCD operating 1in a wireless
communication system and a second WCD operating in the
wireless commumcation system. In accordance with
example embodiments, the particular downlink OFDM
resource element 1s one of a plurality of OFDM resource
clements configured for transmission by the wireless com-
munication system on respective, orthogonal sub-carriers
during a common symbol transmission time.
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At step 1204 the base station determines a first N-bit
binary number to be transmitted to the first WCD and a
second N-bit binary number to be transmitted to the second
WCD. N 1s an integer.

At step 1206 the base station modulates the first N-bit
binary number to a first real data-symbol value on a real-
number axis of a complex modulation plane, and modulates
the second N-bit binary number to a first imaginary data-
symbol value on an imaginary-number axis of the complex
modulation plane.

At step 1208 the base station generates a first complex
data symbol as a complex sum of the first real data-symbol
value and the first imaginary data-symbol value.

Finally, at step 1210 the base station transmits the first
complex data symbol 1n the particular downlink OFDM
resource element simultaneously to both the first and second
WCDs 1n a simultaneous transmission on all the orthogonal
sub-carriers of the plurality of OFDM resource elements. In
accordance with example embodiments, the first WCD 1s
configured to recover the first N-bit binary number by
demodulating the first complex data symbol along a real-
number axis of a complex demodulation plane, and the
second WCD 1s configured to recover the second N-bit
binary number by demodulating the first complex data
symbol along an imaginary-number axis of the complex
demodulation plane.

In accordance with example embodiments, the particular
downlink OFDM resource element can be configured 1n a
downlink resource block that 1s made up of multiple down-
link OFDM resource clements arrayed for a respective
simultaneous transmission across a contiguous sequence of
orthogonal sub-carriers at each respective one of a contigu-
ous sequence ol symbol transmission times. The particular
downlink OFDM resource element can thus be one of a
multiplicity of downlink OFDM resource elements of the
downlink resource block that are each allocated to both the
first WCD and the second WCD.

In further accordance, the method 1200 can also include
allocating a different particular downlink OFDM resource
element to both the first WCD the second WCD, where the
different particular downlink OFDM resource element can
also one of the plurality of OFDM resource elements con-
figured for transmission by the wireless communication
system on the respective, orthogonal sub-carriers during the
same common symbol transmission time. As such, the
particular downlink OFDM resource element and the dif-
terent particular downlink resource elements can be config-
ured for simultaneous transmission on different orthogonal
sub-carriers.

More particularly, for the different particular downlink
OFDM resource element, the base station can determine a
first M-bit binary number to be transmitted to the first WCD
and a second M-bit binary number to be transmitted to the
second WCD. The first M-bit binary number can be modu-
lated to a second real data-symbol value on the real-number
axis of the complex modulation plane, the second M-bit
binary number can be modulated to a second imaginary
data-symbol value on the imaginary-number axis of the
complex modulation plane. A second complex data symbol
can then be generated as a complex sum of the second real
data-symbol value and the second imaginary data-symbol
value. The second complex data symbol can be transmitted
in the different particular downlink OFDM resource element
simultaneously to both the first and second WCDs in the
simultaneous transmission on all the orthogonal sub-carriers
of the plurality of OFDM resource elements. The first WCD
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the second complex data symbol along the real-number axis
of the complex demodulation plane, and the second WCD
can recover the second M-bit binary number by demodulat-
ing the second complex data symbol along the imaginary-
number axis of the complex demodulation plane.

Also 1 accordance with example embodiments, the
method 1200 can also 1include allocating a different particu-
lar downlink OFDM resource element to both the first WCD
the second WCD, where the different particular downlink
OFDM resource element 1s instead one of a different plu-
rality of OFDM resource elements configured for transmis-
sion by the wireless communication system on the respec-
tive, orthogonal sub-carriers during a different common
symbol transmission time. As such, the particular downlink
OFDM resource element and the different particular down-
link resource elements can be configured for transmission on
the same or on different orthogonal sub-carriers, since they
are transmitted at different times.

Again, for the different particular downlink OFDM
resource element, the base station can determine a first M-bit
binary number to be transmitted to the first WCD and a
second M-bit binary number to be transmitted to the second
WCD. The first M-bit binary number can be modulated to a
second real data-symbol value on the real-number axis of the
complex modulation plane, the second M-bit binary number
can be modulated to a second imaginary data-symbol value
on the imaginary-number axis of the complex modulation
plane. A second complex data symbol can then be generated
as a complex sum of the second real data-symbol value and
the second 1imaginary data-symbol value. The second com-
plex data symbol can be transmitted in the different particu-
lar downlink OFDM resource element simultancously to
both the first and second WCDs in the simultaneous trans-
mission on all the orthogonal sub-carriers of, now, the
different plurality of OFDM resource elements. The first
WCD can once more recover the first M-bit binary number
by demodulating the second complex data symbol along the
real-number axis of the complex demodulation plane, and
the second WCD can recover the second M-bit binary
number by demodulating the second complex data symbol
along the imaginary-number axis of the complex demodu-
lation plane.

In further accordance with example embodiments, the
method 1200 can also include transmitting information to
the first WCD 1ndicating that the first WCD should demodu-
late a real component of the first complex data symbol 1n the
particular downlink OFDM resource element. In addition,
information can be transmitted to the second WCD 1ndicat-
ing that the second WCD should demodulate an imaginary
component of the first complex data symbol in the particular
downlink OFDM resource element.

In further accordance with example embodiments, the
base station could receive a data stream including first data
for the first WCD and second data for the second WCD, and
could identify the particular downlink OFDM resource
clement as being available for allocation. The base station
could also determine that RF operating conditions in the
wireless coverage area are of suflicient quality to support
transmission to both the first and second WCDs of a com-
plex data symbol comprising a sum of an N-bit binary real
number and an N-bit binary imaginary number in the
particular downlink OFDM resource element. The base
station could further determine that at least a portion of the
first data can be encoded 1n an N-bit binary number and that
at least a portion of the second data can be encoded 1n an
N-bit binary number. For example, the base station can
determine that RF conditions support 16-QAM to both
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WCDs on a particular sub-carrier, and that at least a portion
of the data to each WCD can be transmitted 1n a 2-bit binary

number.

In the method 1300, a WCD, such as WCD 116, can be
operating in a wireless coverage area of a base station, such °
as base station 114. The base station can concurrently
allocate a downlink resource block (or selected resource
clements of a resource block) to both the WCD and a second
WCD (e.g., WCD 118).

At step 1302, a wireless communication device (WCD)
receiving an indication of a downlink resource block being
allocated to the WCD, wherein the downlink resource block
comprises multiple downlink OFDM resource elements
arrayed for a respective simultaneous transmission across a
contiguous sequence of orthogonal sub-carriers at each
respective one of a contiguous sequence of symbol trans-
mission times.

At step 1304, the WCD receiving a mode indication
identifying at least one downlink OFDM resource element 5
of the multiple downlink OFDM resource eclements as
containing a complex data symbol, of which only a specified
one of (1) a real-number component or (1) an 1maginary-
number component 1s mtended for the WCD.

At step 1306, the WCD receiving the at least one down- 25
link OFDM resource element 1n a wireless transmission.

At step 1308, the WCD recovering the real-number com-
ponent of the complex data symbol contained 1n the at least
one downlink OFDM resource element 11 the mode 1ndica-
tion specifies that the real-number component 1s intended for 30
the WCD.

Finally, at step 1310, the WCD recovering the imaginary-
number component of the complex data symbol contained in
the at least one downlink OFDM resource element 1f the
mode indication specifies that the imaginary-number com- 35
ponent 1s intended for the WCD.

In accordance with example embodiments, receiving the
at least one downlink OFDM resource eclement in the
wireless transmission can entail receiving the at least one
downlink OFDM resource element 1n one of the respective 40
simultaneous transmissions across the contiguous sequence
ol orthogonal sub-carriers during one of the respective the
symbol transmission times of the contiguous sequence of
symbol transmission times.

Also 1n accordance with example embodiments, recover- 45
ing the real-number component of the complex data symbol
contained 1n the at least one downlink OFDM resource
clement can entail demodulating the complex data symbol
along only a real-number axis of a complex demodulation
plane. Alternatively, recovering the real-number component 50
of the complex data symbol contained 1n the at least one
downlink OFDM resource element can entail demodulating
the complex data symbol along a real-number axis of a
complex demodulation plane and along an 1maginary-num-
ber axis of the complex demodulation plane, and then 55
retaining only the real-number component from the demodu-
lation along the real-number axis.

Similarly, recovering the imaginary-number component
of the complex data symbol contained 1n the at least one
downlink OFDM resource element can entail demodulating 60
the complex data symbol along only an imaginary-number
axis ol a complex demodulation plane. Alternatively, recov-
ering the imaginary-number component of the complex data
symbol contained in the at least one downlink OFDM
resource element can entail demodulating the complex data 65
symbol along a real-number axis of a complex demodulation
plane and along an 1imaginary-number axis of the complex
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demodulation plane, and then retaining only the imaginary-
number component from the demodulation along the real-
number axis.

It will be appreciated that the example methods 1200 and
1300 could each include alternate and/or additional steps,
while still remaining within the scope and spirit of example
embodiments herein.

4. CONCLUSION

Exemplary embodiments have been described above.
Those skilled in the art will understand, however, that
changes and modifications may be made to these embodi-
ments without departing from the true scope and spirit of the
invention.

What 1s claimed 1s:

1. A method comprising:

allocating a particular downlink orthogonal frequency
division multiplexing (OFDM) resource element to
both a first wireless communication device (WCD)
operating in a wireless communication system and a
second WCD operating 1n the wireless communication
system, wherein the particular downlink OFDM
resource element 1s one of a plurality of OFDM
resource elements configured for transmission by the
wireless communication system on respective,
orthogonal sub-carriers during a common symbol
transmission time;

determining a first N-bit binary number to be transmitted
to the first WCD and a second N-bit binary number to
be transmitted to the second WCD;

modulating the first N-bit binary number to a first real
data-symbol value on a real-number axis of a complex
modulation plane, and modulating the second N-bit
binary number to a first imaginary data-symbol value
on an imaginary-number axis of the complex modula-
tion plane;

generating a first complex data symbol as a complex sum
of the first real data-symbol value and the first imagi-
nary data-symbol value; and

by a transmitter of the wireless communication system,
transmitting the first complex data symbol 1n the par-
ticular downlink OFDM resource element simultane-
ously to both the first and second WCDs 1n a simulta-
neous transmission on all the orthogonal sub-carriers of
the plurality of OFDM resource elements,

wherein the first WCD 1s configured to recover the first
N-bit binary number by demodulating the first complex
data symbol along a real-number axis of a complex
demodulation plane, and the second WCD 1s config-
ured to recover the second N-bit binary number by
demodulating the first complex data symbol along an
imaginary-number axis of the complex demodulation
plane.

2. The method of claim 1, further comprising;:

allocating a different particular downlink OFDM resource
element to both the first WCD the second WCD,
wherein the different particular downlink OFDM
resource element 1s also one of the plurality of OFDM
resource elements configured for transmission by the
wireless commumication system on the respective,
orthogonal sub-carriers during the same common sym-
bol transmission time:

determining a first M-bit binary number to be transmitted
to the first WCD and a second M-bit binary number to
be transmitted to the second WCD:




and second N-bit binary numbers comprises modulating the
first and second N-bit binary numbers using a first one of the
respective the orthogonal sub-carriers,
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modulating the first M-bit binary number to a second real
data-symbol value on the real-number axis of the
complex modulation plane, and modulating the second
M-bit binary number to a second imaginary data-
symbol value on the imaginary-number axis of the
complex modulation plane;

generating a second complex data symbol as a complex
sum ol the second real data-symbol value and the
second 1maginary data-symbol value; and

by the transmitter of the wireless communication system,
transmitting the second complex data symbol 1n the
different particular downlink OFDM resource element
simultaneously to both the first and second WCDs 1n
the simultaneous transmission on all the orthogonal
sub-carriers of the plurality of OFDM resource ele-
ments,

wherein the first WCD 1s configured to recover the first
M-bit binary number by demodulating the second com-
plex data symbol along the real-number axis of the
complex demodulation plane, and the second WCD 1s
configured to recover the second M-bit binary number
by demodulating the second complex data symbol
along the imaginary-number axis of the complex
demodulation plane.

3. The method of claim 2, wherein modulating the first

and wherein modulating the first and second M-bit binary
numbers comprises modulating the first and second
M-bit binary numbers using a second one of the respec-
tive the orthogonal sub-carriers.

4. The method of claim 1, further comprising;:

allocating a different particular downlink OFDM resource

element to both the first WCD the second WCD,
wherein the different particular downlink OFDM
resource element 1s one of a different plurality of
OFDM resource elements configured for transmission
by the wireless communication system on the respec-
tive, orthogonal sub-carriers during a different common

symbol transmission time;

determining a first M-bit binary number to be transmitted
to the first WCD and a second M-bit binary number to
be transmitted to the second WCD;

modulating the first M-bit binary number to a second real
data-symbol value on the real-number axis of the
complex modulation plane, and modulating the second
M-bit binary number to a second imaginary data-
symbol value on the imaginary-number axis of the
complex modulation plane;

generating a second complex data symbol as a complex
sum ol the second real data-symbol value and the
second 1maginary data-symbol value; and

by the transmitter of the wireless communication system,
transmitting the second complex data symbol in the
different particular downlink OFDM resource element
simultaneously to both the first and second WCDs 1n
the simultaneous transmission on all the orthogonal
sub-carriers of the diflerent plurality of OFDM
resource elements,

wherein the first WCD 1s configured to recover the first
M-bit binary number by demodulating the second com-
plex data symbol along the real-number axis of the
complex demodulation plane, and the second WCD 1s
configured to recover the second M-bit binary number
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by demodulating the second complex data symbol
along the imaginary-number axis of the complex
demodulation plane.

5. The method of claim 1, wherein the particular downlink

5 OFDM resource element 1s configured i a downlink
resource block comprising multiple downlink OFDM
resource clements arrayed for a respective simultaneous

transmission across a contiguous sequence ol orthogonal
sub-carriers at each respective one of a contiguous sequence

of symbol transmission times.
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6. The method of claim 5, wherein the particular downlink
DM resource element 1s one of a multiplicity of downlink

DM resource elements of the downlink resource block

thdat are each allocated to both the first WCD and the second
WCD.

d

7. The method of claim 1, further comprising;:

transmitting, by the transmitter, information to the first
WCD indicating that the first WCD should demodulate
a real component of the first complex data symbol 1n
the particular downlink OFDM resource element; and

transmitting, by the transmitter, information to the second
WCD indicating that the second WCD should demodu-
late an 1maginary component of the first complex data
symbol 1n the particular downlink OFDM resource
clement.

8. The method of claim 1, wherein the transmitter defines

wireless coverage area of the wireless communication

system and the first and second WCDs are operating in the
wireless coverage area.

9. The method of claim 8, further comprising:

recerving a data stream including first data for the first
WCD and second data for the second WCD:;

identifying the particular downlink OFDM resource ele-
ment as being available for allocation;

determining that radio frequency (RF) operating condi-
tions 1n the wireless coverage area are of suflicient
quality to support transmission to both the first and
second WCDs of a complex data symbol comprising a
sum of an N-bit binary real number and an N-bit binary
imaginary number in the particular downlink OFDM
resource element; and

determiming that at least a portion of the first data can be
encoded 1n an N-bit binary number and that at least a
portion of the second data can be encoded 1n an N-bit
binary number.

10. A method comprising:

a wireless commumication device (WCD) receiving an
indication of a downlink resource block being allocated
to the WCD, wherein the downlink resource block
comprises multiple downlink OFDM resource elements
arrayed for a respective simultaneous transmission
across a contiguous sequence ol orthogonal sub-carri-
ers at each respective one of a contiguous sequence of
symbol transmission times;

the WCD receiving a mode indication 1dentifying at least
one downlink OFDM resource element of the multiple
downlink OFDM resource elements as containing a
complex data symbol, of which only a specified one of
(1) a real-number component or (1) an 1maginary-
number component 1s intended for the WCD;

the WCD receiving the at least one downlink OFDM
resource element 1n a wireless transmission;

the WCD recovering the real-number component of the
complex data symbol contained in the at least one
downlink OFDM resource element 11 the mode 1ndica-
tion specifies that the real-number component 1s

intended for the WCD; and
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the WCD recovering the imaginary-number component of
the complex data symbol contained 1n the at least one
downlink OFDM resource element 11 the mode indica-
tion specifies that the imaginary-number component 1s
intended for the WCD.

11. The method of claim 10, wherein recerving the at least
one downlink OFDM resource element in the wireless
transmission comprises receiving the at least one downlink
OFDM resource element 1n one of the respective simulta-
neous transmissions across the contiguous sequence of
orthogonal sub-carriers during one of the respective the
symbol transmission times of the contiguous sequence of
symbol transmission times.

12. The method of claim 10, wherein recovering the
real-number component of the complex data symbol con-
tained 1n the at least one downlink OFDM resource element
comprises demodulating the complex data symbol along
only a real-number axis of a complex demodulation plane.

13. The method of claam 10, wherein recovering the
real-number component of the complex data symbol con-
tained 1n the at least one downlink OFDM resource element
COmprises:

demodulating the complex data symbol along a real-
number axis of a complex demodulation plane and
along an 1maginary-number axis of the complex
demodulation plane; and

retaining only the real-number component from the
demodulation along the real-number axis.

14. The method of claim 10, wherein recovering the
imaginary-number component of the complex data symbol
contained 1n the at least one downlink OFDM resource
clement comprises demodulating the complex data symbol
along only an 1imaginary-number axis of a complex demodu-
lation plane.

15. The method of claam 10, wherein recovering the
imaginary-number component of the complex data symbol
contained in the at least one downlink OFDM resource
clement comprises:

demodulating the complex data symbol along a real-
number axis of a complex demodulation plane and
along an 1maginary-number axis of the complex
demodulation plane; and

retaining only the imaginary-number component from the
demodulation along the imaginary-number axis.

16. A base station comprising:

a transmitter for transmitting downlink data to wireless
communication devices (WCDs) operating 1n a wire-
less coverage area of the base station;

ONne Or mMore processors;

memory accessible to the one or more processors; and

machine-readable 1nstructions stored 1n the memory, that
upon execution by the one or more processors cause the
base station to carry out operations including:

allocating a particular downlink orthogonal frequency
division multiplexing (OFDM) resource element to
both a first WCD operating 1n the wireless coverage
arca and a second WCD operating in the wireless
coverage area, wherein the particular downlink OFDM
resource element 1s one of a plurality of OFDM
resource elements configured for transmission by the
base station on respective, orthogonal sub-carriers dur-
ing a common symbol transmission time,

determining a first N-bit binary number to be transmitted
to the first WCD and a second N-bit binary number to
be transmitted to the second WCD,

modulating the first N-bit binary number to a first real
data-symbol value on a real-number axis of a complex
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modulation plane, and modulating the second N-bit
binary number to a first imaginary data-symbol value
on an imaginary-number axis of the complex modula-
tion plane,

generating a first complex data symbol as a complex sum
of the first real data-symbol value and the first 1magi-
nary data-symbol value, and

causing the transmitter to transmit the first complex data
symbol 1n the particular downlink OFDM resource

clement simultancously to both the first and second
WCDs 1n a simultaneous transmission on all the
orthogonal sub-carriers of the plurality of OFDM
resource elements,

wherein the first WCD 1s configured to recover the first

N-bit binary number by demodulating the first complex
data symbol along a real-number axis of a complex
demodulation plane, and the second WCD 1s config-
ured to recover the second N-bit binary number by
demodulating the first complex data symbol along an
imaginary-number axis of the complex demodulation
plane.

17. The base station of claim 16, wherein the particular
downlink OFDM resource element 1s configured 1n a down-
link resource block comprising multiple downlink OFDM
resource elements arrayed for a respective simultaneous
transmission across a contiguous sequence ol orthogonal
sub-carriers at each respective one of a contiguous sequence
of symbol transmission times,

and wheremn the particular downlink OFDM resource

clement 1s one of a multiplicity of downlink OFDM
resource elements of the downlink resource block that
are each allocated to both the first WCD and the second
WCD.

18. The base station of claim 16, wherein the operations
turther include:

causing the transmitter to transmit one or more first

messages to the first WCD indicating that the first
WCD should demodulate a real component of the first
complex data symbol 1n the particular downlink OFDM
resource element; and

causing the transmitter to transmit one or more second

messages to the second WCD indicating that the second
WCD should demodulate an 1maginary component of
the first complex data symbol in the particular down-
link OFDM resource element.

19. The base station of claim 16, wherein the operations
turther 1nclude:

recerving a data stream including first data for the first

WCD and second data for the second WCD:;
identitying the particular downlink OFDM resource ele-
ment as being available for allocation;

determining that radio frequency (RF) operating condi-

tions 1n the wireless coverage area are of suilicient
quality to support transmission to both the first and
second WCDs of a complex data symbol comprising a
sum of an N-bit binary real number and an N-bit binary
imaginary number in the particular downlink OFDM
resource element; and

determining that at least a portion of the first data can be

encoded 1n an N-bit binary number and that at least a
portion of the second data can be encoded in an N-bit
binary number.

20. The base station of claim 16, wherein the operations
turther include:

allocating a diflerent particular downlink OFDM resource
element to both the first WCD the second WCD:;
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determining a first M-bit binary number to be transmitted
to the first WCD and a second M-bit binary number to
be transmitted to the second WCD;

modulating the first M-bit binary number to a second real
data-symbol value on the real-number axis of the 5
complex modulation plane, and modulating the second
M-bit binary number to a second imaginary data-
symbol value on the imaginary-number axis of the
complex modulation plane;

generating a second complex data symbol as a complex 10
sum of the second real data-symbol value and the
second 1maginary data-symbol value; and

causing the transmitter to transmit the second complex
data symbol 1n the different particular downlink OFDM
resource element simultaneously to both the first and 15
second WCDs, wherein the first WCD 1s configured to
recover the first M-bit binary number by demodulating
the second complex data symbol along the real-number
axis ol the complex demodulation plane, and the sec-
ond WCD 1s configured to recover the second M-bit 20
binary number by demodulating the second complex
data symbol along the imaginary-number axis of the
complex demodulation plane,

and wherein the particular downlink OFDM resource
clement and the different particular downlink OFDM 25
resource element are one of: (1) modulated on the same
orthogonal sub-carrier and transmitted during different
symbol transmission times, (1) modulated on different
orthogonal sub-carriers and transmitted during the
same symbol transmission time, or (111) modulated on 30
different orthogonal sub-carriers and transmitted during
different symbol transmission times.
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